Medicine and a functional food in China. Antioxidant contents of EU leaves, which were collected monthly during the period of May-October in three years, were determined. Samples' antioxidant capacity was characterized by DPPH radical scavenging activity, hydroxyl radical scavenging activity, ferrous chelating ability, and antioxidant capacity in linoleic acid emulsion and in rapeseed oil assays. The results showed that contents of some active compounds and antioxidant activity were related to a certain time of the year. Samples collected in August showed high content of phenolics, and the samples collected in May contained higher amount of flavonoids than other samples. Leaves collected in May or June exhibited high contents of rutin, quercetin, geniposidic acid and aucubin. The August leaves showed stable and high DPPH radical scavenging activity, and ferrous chelating ability. May samples showed strong inhibitory effects on oxidation of rapeseed oil and linoleic acid. The DPPH radical scavenging activity was related to the total phenolics content. Flavonoids played an important role in the inhibitory effects on rapeseed oil and linoleic acid oxidation. Therefore, August and May were indicated as the best months to harvest EU leaves for industry.
Introduction
Eucommia ulmoides Oliver (EU) is a unique medicinal plant grown in China. Cortex of EU has been used as a Traditional Chinese Medicine for thousands of years. In the past 20 years, the leaf of EU has become a popular functional health food and plant medicine material in China and Japan. EU tea (water extract of leaves) may reduce cholesterol and -fatty liver‖ [1] , and also has been reported to reduce blood pressure [2] . It had a suppressing effect on mutagenicity and chromosome aberration following mutagen treatment [3, 4] , and it has shown a high antioxidant activity in recent studies, such as inhibition of oxidative damage in deoxyribose and DNA [5] , and scavenging activity towards free radicals and reactive oxygen species (ROS) [6] . In addition, EU leaf showed a stronger antioxidant activity compared with the cortex, flower and fruit [7, 8] . EU leaf is found to be rich of bioactive compounds such as polyphenolic acids (such as chlorogenic acid) and flavonoids (such as quercetin and rutin), iridoids (such as aucubin and geniposidic acid), as well as nutrients, i.e., amino acids, vitamins and minerals [9] [10] [11] [12] . Chlorogenic acid, a major bioactive compound found in the leaf, has demonstrated anti-lipid peroxidation, liver protection, antimicrobial and antiviral activity, and spasmolysis properties. Geniposidic acid is well known for its potential medicinal utilization, including prevention of sexual dysfunction, antioxidant activity, anti-aging, anti-inflammation, and anti-tumor [13] . Flavonoids also display many bioactive properties such as antiviral, anti-inflammatory, anti-allergic, and powerful anticancer functions [14] . Aucubin is beneficial for its bioactivities such as parasympathetic stimulation and anti-microbial activity [13] .
For plant materials, the bioactive compounds content is different during its growing period. Thus, the bioactivity based on these constituents showed variability as well. That means it is important to study the seasonal differences in bioactivity and active compound contents. Unfortunately, although the EU leaf has been used as a functional food for over 20 years and for a traditional Chinese medicine for over 5 years, there is a little information about the seasonal variation of its bioactivity in a year. Some studies have reported different contents of flavonoids and phenolics of EU leaf, but all of the work was done within only one year [15] [16] [17] [18] [19] , meaning that some random factors could affect the results. The aim of this work was to put forward a reference for industry to determine the optimum harvesting time for EU leaf. Hence, in our investigation, leaf was collected monthly from the same trees during the common sampling seasons in three different years. Their antioxidant activity and bioactive compound contents were determined and the results obtained compared with butylated hydroxytoluene (BHT), rutin, chlorogenic acid and ascorbic acid.
Results and Discussion

Phenolics and Flavonoids Contents
Phenolics are the most active antioxidants derived from plants [20] . The antioxidant activity of water extracts from EU leaves, bark and roasted bark had been correlated to their phenolics content (reported as gallic acid equivalents) [7] . The total phenolics compounds content (gallic acid equivalents) of all the extracts was determined using the Folin-Ciocalteu's phenol reagent. As shown in Table 1 , the highest total phenolics content in EU leaves is 1.20, 1.44, 1.46 times of the lowest value of leaves collected in 2009, 2010 and 2011, respectively. The data exhibited only small inter-monthly variations of total phenolic compounds content, but the samples collected in July and August still showed consistently higher phenolics contents than other seasons in the three year observations. Chlorogenic acid (structure shown in Figure 1 ) is an important phenolic compound in EU leaves. It has many kinds of bioactivities, including antioxidant activity [21] . As shown in Table 1 , the highest content of chlorogenic acid in EU leaves is 1.34, 1.78, 1.27 times the lowest value of leaves collected in 2009, 2010 and 2011, respectively. The fluctuations of the chlorogenic contents were not too big. However, in the three years the samples collected in spring and summer consistently showed a slight superiority in chlorogenic acid content compared to leaves harvested in autumn.
Flavonoids are a type of natural compounds with strong activity and exist in many plants [22] . Expressed as rutin equivalents in milligrams per gram of dry leaf sample, the flavonoid contents in EU leaves are displayed in Table 1 . As shown, the highest flavonoids content in EU leaves is 1. Geniposidic acid and aucubin (structure see in Figure 1 ) are important bioactive compounds in EU leaves and show relatively high contents [16] . As shown in Table 1 For the active compounds tested, May or August seems an appropriate time for harvesting. The aim of this research was to find the seasonal variation of samples, thus it is very important to prevent the interference from geological factors, soil factors and plant individual difference. After the same sampling from the same trees, examining the same analysis of EU leaves in the last three years, contents of flavonoids, total phenolics, chlorogenic acid, rutin, quercetin, geniposidic acid and aucubin continuously showed a peak related to a certain season.
Antioxidant Capacity
Food antioxidants are defined as -any substance that in small quantities is able to prevent or retard the oxidation of easily oxidizable materials such as fat‖ [23] . For evaluation of the antioxidant activity of EU leaf, the inhibition effects on the peroxidation of linoleic acid and rapeseed oil which is a popular food oil in China were investigated every day during the testing period. Determination of the inhibitory activity on rapeseed oil oxidation is one of the Chinese authorized methods of evaluation of activity of food antioxidants. As shown in Table 2 , the highest inhibition activity against oxidation of linoleic acid is 3.12, 1.45, 2. Table 3 , a statistically significant correlation between oil oxidation inhibition activities and flavonoids was observed. Correlation coefficients are 0.704 and 0.591 for rapeseed oil and linoleic acid, respectively. As the main components in EU flavonoids, rutin and quercetin showed high correlations with oil oxidation inhibition activities as well. The correlation coefficients are 0.674, 0.721 for rapeseed oil and 0.629, 0.480 for linoleic acid, respectively. Chlorogenic acid and aucubin also showed a correlation with inhibition of oxidation of oil, with correlation coefficients of 0.552 and 0.571, respectively. All of the plant samples inhibited the oxidation of rapeseed oil, but the activity was lower than that of BHT, rutin and chlorogenic acid. Samples collected in May showed stable and high activity among all plant samples in the three years tests, and their activity was close to that of BHT, exhibiting potential as a food antioxidant. From August, the inhibition effect of EU leaves on oil oxidation went down significantly.
In cells, free radicals are continuously produced either as by-products of metabolism or deliberately as in phagocytes [24] . The DPPH radical scavenging model is especially useful in evaluating chain-breaking activity in the propagation phase of lipid (and protein) oxidation [25] . The effect of antioxidants on DPPH radical scavenging was thought to be a result of their hydrogen donating ability [26] . The highest IC 50 values of scavenging activities against DPPH radical were 1.60, 1.91, 1.59 times the lowest value of leaves collected in 2009, 2010 and 2011, respectively. From the three years of data in Table 3 , DPPH scavenging activity showed a closer relation with total phenolics and chlorogenic acid, which is the main phenolic compound in EU leaves, than flavonoids; correlation coefficients are 0.694 and 0.703, respectively. That means phenolics play a more important role in DPPH radical scavenging activity in EU leaf than flavonoids, and chlorogenic acid is a main scavenger, although its activity is much lower than that of rutin. Leaves collected in August showed a stable and strong DPPH • scavenging activity. In autumn, the activity decreased very fast. Nevertheless, none of the samples and BHT could be comparable with ascorbic acid and rutin whose IC 50 values were 15.0 µg/mL and 21.2 µg/mL, respectively. Hydroxyl radicals react with several biological materials oxidatively by removing hydrogens, double-bond addition, electron transfer and radical formation, and initiate autoxidation, polymerization and fragmentation processes. They are the most reactive oxygen species (ROS) [27] . As shown in Table 2 , the highest inhibition activity against hydroxyl radical is 2.61, 2.28, 1.76 times the lowest value of leaves collected in 2009, 2010 and 2011, respectively. No common maximum or minimum in inhibition activity was related with a certain time of the year. As shown in Table 3 , no statistical correlation was observed between hydroxyl radical inhibitory activity and flavonoids, total phenolics or other compounds determined, except for aucubin and rutin; correlation coefficients are 0.467 and 0.427, respectively, pointing out the possible important role of aucubin and rutin in this activity and the relatively high activity of rutin (64.39%) partly supported the speculation.
Metal ion chelating capacity is claimed as one of the antioxidant activity mechanisms [28, 29] , since it reduces the concentration of the catalyzing transition metal in lipid peroxidation [30] . Ferrozine can quantitatively form complexes with Fe 2+ . In the presence of EU leaves or added antioxidants the complex formation is disrupted, resulting in a decrease of the red color of the complex. As shown in Table 2 , all of the plant samples and ascorbic acid exhibited a certain metal ion chelating ability. The highest metal ion chelating ability is 2.52, 1.54, 1.35 times the lowest value of leaves collected in 2009, 2010 and 2011, respectively. Three August samples showed the strongest ability in all of the three years measurements. Only chlorogenic acid showed a small statistical correlation (the correlation coefficient is 0.379) with the metal ion chelating ability, suggesting that many kinds of compounds in EU leaves could combine with the metal ion.
Although the factors involved in plant antioxidant activity are complex, and the data are more irregular than for the active compounds contents, some regular patterns were still repeated in the three years. The August leaves showed stable and high DPPH radical scavenging activity and metal ion chelating ability. May samples maintained strong inhibition effects on the oxidation of rapeseed oil and linoleic acid during the three years. EU leaves collected in September or October exhibited weak activity, therefore, May or August should be a good time for harvesting EU leaves.
Correlation analysis proved the connection between DPPH radical scavenging activity and total phenolics content and the important role of chlorogenic acid. Flavonoids and its main components, rutin and quercetin, were closely related to the inhibition effects on oil and linoleic acid oxidation. The high inhibition activity on oxidation of oil and linoleic acid of rutin and the relatively high DPPH scavenging activity and high content of chlorogenic acid may partly explain their important role in those assays. Flavonoids and phenolics include many types of compounds and these compounds show very different activities because of their various structures [22, 31] . It is easier to observe the relationship between their contents and the antioxidant activity when the contents show significant differences. However, when the flavonoids or phenolics contents of the samples are close to each other, the property and content of every active compound need to be considered.
Experimental
Materials and Chemicals
EU leaves were collected on one day between the 18th and 25th of every month from May to October in 2009, 2010, and 2011 in a garden of Northwest A&F University, Yangling, China. The sampling place has a loess type soil, an elevation of 445.0 meters, annual average temperature of 13 °C, annual average sunshine time of 2,163.8 h, and annual average rainfall of 635.1-663.9 mm. One thousand leaves were collected from east, west, south and north branches in the middle part of 25 chosen trees. The samples were air-dried in the shade at room temperature, powdered and stored at −18 °C before extraction.
Rutin trihydrate, quercetin, chlorogenic acid, 1,1-diphenyl-2-picrylhydrazyl (DPPH), Folin-Ciocalteu's phenol reagent, [4,4-[3-(2-pyridinyl-1,2,4-triazine-5,6-diyl) bisbenzenesulfonic acid] (ferrozine), and linoleic acid were purchased from Sigma-Aldrich Co. LLC. (Shanghai, China). Geniposidic acid, aucubin were purchased from National Institutes for Food and Drug Control (Beijing, China). All other chemicals were of analytical grade.
Preparation of Extracts
Each sample of the air-dried and ground leaf of EU (20 g, 20 mesh) was extracted twice with distilled water (200 mL) at 60 °C for 60 min. The two extracts were combined, filtered and evaporated to dryness under vacuum at 50 °C to give brown and yellow residues. The sealed extracts were stored at −18 °C before analysis.
Antioxidant Capacity Assays
Antioxidant Activity in Linoleic Acid Emulsion
The antioxidant activity of EU leaf was determined according to the thiocyanate method [32] . The inhibition effect was calculated according to Equation (1): Inhibition effect (%) = 100  (absorbance of sample/absorbance of control) × 100
(1)
DPPH Radical Scavenging Activity
The effect of EU leaf on DPPH radical was estimated according to a published method [33] with some modifications. A solution of samples in ethanol (2 mL) was added to 500 μmol/L DPPH • solution (1 mL). After the mixture had been shaken, the reaction solution was allowed to stand for 20 min at room temperature in the dark. The absorbance of the mixture was measured at 517 nm. Solution (1 mL) of 500 μmol/L DPPH
• mixed with alcohol (2 mL) was used as the control. The radical scavenging activity of the samples was calculated according to Equation (1).
Hydroxyl Radical Scavenging Assay
Hydroxyl radical scavenging activity was determined according to the method of Chung et al. [34] . The hydroxyl radical scavenging activity was calculated using Equation (1).
Fe 2+ Chelating Ability Determination
The Fe 2+ chelating ability was determined according to a published method [5, 35] with some modifications. A sample (1 mg/mL distilled water, 5 mL) was incubated with a solution of 2 mmol/L FeCl 2 (0.1 mL) at room temperature for 10 min. The reaction was started by the addition of 5 mmol/L ferrozine solution (0.2 mL) and the reaction mixture was shaken and left to stand for 10 min at room temperature. After incubation, the absorbance of the solution was measured at 562 nm, and distilled water (5 mL) mixed with a solution of 2 mmol/L FeCl 2 (0.1 mL) and 5 mmol/L ferrozine solution (0.2 mL) was used as a control. The lower absorbance of the reaction mixture indicated a higher Fe 2+ -chelating ability. The capability of chelating the ferrous ion was calculated using Equation (1).
Antioxidant Activity in Rapeseed Oil
Extracts of EU leaf, or compounds (0.1 g) were added to rapeseed oil (50 g). All the samples were placed in dark brown colored reagent bottles with narrow necks, without stoppers and stored in an oven at a fixed temperature of 70 °C . Control samples were also placed under the same storage conditions. Analyses were carried out after 2 days (48 h). At least three samples of each category were analyzed. Peroxide Value (POV) measurement was made at regular intervals following an official method [36] .
Determination of Contents of Antioxidants
Total Phenolics
Total phenolics were estimated according to a protocol similar to that of Slinkard and Singleton [37] . One mL of sample solution was mixed with distilled water (5 mL) and 1 mol/L Folin-Ciocalteu's phenol reagent (0.5 mL). The mixture was allowed to react for 5 min and 5 g/100 mL Na 2 CO 3 (1 mL) was added. Thereafter, it was thoroughly mixed and placed in the dark for 1 hour and the absorbance was measured at 725 nm with the spectrophotometer. A gallic acid standard curve was obtained for the calculation of phenolics content. The amount of phenol was expressed as gallic acid equivalents (GAE) in milligrams per gram of dry plant material.
Flavonoids
The flavonoids content of EU leaf was determined using a modified colorimetric method [38] . The flavonoids content was calculated by a rutin standard curve and expressed as rutin equivalents in milligrams per gram of dry plant sample.
Chlorogenic Acid and Geniposidic Acid
High performance liquid chromatography (HPLC) was performed to determine the contents of chlorogenic acid and geniposidic acid in the samples [39] . A Shimadzu HPLC system (LC-10AT) equipped with a UV detector (SPD-10AVP), a high pressure pump, a Shim-pack VP-ODS column (150 mm × 4.6 mm, 5 µm), and a manual sample injector was used. The chromatographic conditions were as follows: mobile phase: ethanol-water-acetic acid (24:75:1, V/V); flow rate of the mobile phase: 1 mL/min; injection volume: 5 µL; detection wavelength: 240 nm; column temperature: 30 °C. The contents of chlorogenic acid and geneposidic acid were calculated based on the peak areas in the chromatogram.
Rutin, Quercetin
A HPLC method was employed [18] to measure the contents of rutin and quercetin in the leaves which were collected in different time with the same HPLC system mentioned above. The chromatographic conditions were as follows: mobile phase: methanol-water-phosphoric acid (50:49.5:0.5, V/V); flow rate of the mobile phase: 1.0 mL/min; injection volume: 20 µL; detection wavelength: 270 nm; column temperature: 25 °C .
Aucubin
An improved method was adopted by using dimethylaminobenzaldehyde as a colorimetric reagent to determine the content of aucubin [39] .
Statistical Analysis
All results were obtained from three independent experiments and expressed as mean ± SD. Differences between treatments (p < 0.05) were determined by Duncan's multiple range test.
Conclusions
After investigations of three years of samples of EU leaves, seasonal variation of some active compounds and antioxidant activity were proven. High content of phenolics was found in EU leaves collected in August, and the samples collected in May contained higher amount of flavonoids than other samples in the three years. May or June collection was related to high contents of rutin, quercetin, geniposidic acid and aucubin. Moreover, the August leaves showed strong DPPH radical scavenging activity, and metal ion chelating ability. May samples showed a potential to become a food antioxidant because of its strong inhibition effects, as potent as BHT, on oxidation of rapeseed oil and linoleic acid in the three years. Correlations between the antioxidant activities and the contents of active compounds were found. The DPPH radical scavenging activity was related to total phenolics content more closely than that of flavonoids. However, flavonoids played an important role in the inhibition effects on rapeseed oil and linoleic acid oxidation. Therefore, August and May are recommended to be an appropriate time to harvest leaves of Eucommia ulmoides Oliver for industry.
